The paper deals with the structural synthesis of robust system for stabilization of observation equipment operated on unmanned aerial vehicles. The model of the triaxial stabilization system taking into consideration necessary kinematic transformations is developed. The matrix weighting transfer functions ensuring design of the system with the desired amplitude-frequency characteristics of the system are chosen. The features of the robust structural synthesis for the researched system are considered. The structure and parameters of the robust controller, based on robust structural synthesis including the methods of the mixed sensitivity and loop-shaping, are obtained. The results of the synthesized system simulation are represented. The obtained results allow implementing stabilization of observation equipment in difficult conditions of real operation. This improves the quality of photography, mapping, survey, and so forth and gives advantages of accuracy for images representations of the territory flown. The obtained results are significant for stabilization of equipment operated at a moving base.
Introduction
Nowadays unmanned aerial vehicles (UAVs) carry out different functions including photography, mapping, monitoring, and survey. Cameras, laser scanners, and other information and measuring devices can be used for solving these important tasks. The problems of cartography can be solved by means of the digital photogrammetry and aerial survey using the high resolution TV cameras. A laser scanner can be used for aerial survey. The high quality of image could be provided by means of stabilization of the information and measuring devices in the inertial space.
All these applications require solving such problems as stabilization and control by orientation of the device line-ofsight. The appropriate control systems may differ according to the performed tasks, but main functions of these systems are stabilization and pointing of the above listed devices. The main components of the systems are the platform with the payload (observation equipment), inertial measuring instruments (rate gyros, accelerometers), gimbals, and drives [1] [2] [3] [4] .
As a rule, such systems implement stabilization by two axes [2] . In the most responsible cases, it is necessary to use three-axial stabilization. The paper proposes a method of design of the robust system providing stabilization of UAV payload by three axes. Such choice improves functionality of the system. In this case, it is possible both to stabilize platform and to control by platform angular position providing the necessary orientation of the payload line-of-sight.
Control in conditions of uncertainty is very important for design problems of the modern UAVs. The robust stabilization provides the required quality of operation in conditions of changed plant parameters and external disturbances. It is worth noticing that implementation of the robust systems is less expensive in comparison with the adaptive systems. Therefore the robust systems have some advantages in comparison with adaptive ones.
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The paper deals with design of a robust system of the researched type. Such system provides the robust stability and robust performance in conditions of parametrical and coordinate (external) disturbance. It is based on minimization of ∞ -norm of the system sensitivity and complementary sensitivity functions.
Operation of the observation equipment at UAV is implemented in conditions of the external disturbances caused, first of all, by wind influence. Required accuracy of stabilization, tracking, and pointing in such conditions could be achieved by means of the robust control.
Features of the robust control systems design are represented in many papers and textbooks [5] [6] [7] [8] . It should be noticed that the modern scientific-technical literature gives sufficient attention to the design of the robust systems for control of aircrafts motion [9, 10] . At the same time problems of creation of the robust systems for stabilization of equipment operated at aircrafts have no appropriate development. The method described in the paper allows solving these problems. Papers [11, 12] are dedicated to the applicable issues. Some basic concepts and representations of the considered approach are briefly given in [12] .
The paper deals with the robust stabilization of the observation equipment operated at UAV. This is a new problem in the framework of the robust systems application.
Such approach provides the needed accuracy of stabilization in difficult conditions of UAV real operation. At that, costs for design works are much lower than those for adaptive systems. The lower cost of the design works is an advantage of the system of the researched type.
Expediency of alternative aircraft or their equipment type use can be modeled in the paradigm described and discussed in [13] .
The paper proposes mathematical model of the stabilization plant and the weighting transfer functions for the plant augmentation and represents features of the robust structural synthesis for the specified systems.
Mathematical Model of Stabilization Plant
A stabilization plant represents a platform with observation equipment and measuring instruments. In order to provide the high accuracy of the observation processes, stabilization must be implemented by all three UAV axes. The stabilized platform is installed into gimbals with three degrees of freedom. Such approach makes it possible to implement the platform rotations in a sufficiently wide range of angles such as 360 degrees of the yaw and ±90 degrees of angles of the pitch and roll. (In practical situations rotations at angles of the pitch and the roll are bounded by values ±70 degrees.) In the general case, stabilization system may operate in modes of prestabilization and precision stabilization. Control in the prestabilization mode may be realized by means of accelerometers (in fact deviation from stabilization plane may be determined using accelerometers signals because = / ; here is angle of a platform deviation, is acceleration, and is the gravity acceleration). These modes require using of the inertial sensors such as accelerometers and rate gyros. The pendulous accelerometers and MEMS-gyros can be used as measuring instruments for systems of the researched kind.
A mathematical model of such a plant must include equations of dynamics and kinematics. The dynamics of the platform could be described by Euler equations [14] :
where , , represent projections of the angular rates on the platform axes; , , represent inertia moments of the platform with the payload and the measuring instruments relative to the gimbals axes; , , represent the centrifugal moments of inertia relative to the gimbals axes;
,̇,̇represent projections of angular accelerations on the platform axes; , , are moments acting along the gimbals axes. It should be noted that constituents of expressions (1) , , represent the equivalent inertia moments, which include the inertia moments of the platform and the motors . They can be described in the following way:
where , represent the inertia moments of the platform with the payload and measuring instruments and the inertia moment of the motor, respectively; represents a ratio of the reduction gear. Relationships for the centrifugal inertia moments of the platform can be derived in a similar way.
The moments acting on the platform include such components as the moments of the dry friction in bearings of the gimbals, moments created with motors, and disturbing moments.
For the system, working in the precision stabilization mode, it is necessary to take into consideration that every contour channel includes the platform with payload, motor, pulse-width-modulator (PWM), and rate gyro [12, 15] . Measuring range, sensitivity, and resistance to shocks are main characteristics of the rate gyro choice. Bandwidth of the chosen gyro is 100 Hz. Angular random walk of the gyro is 0, 3 deg/ √ ℎ. Stability of the scale factor is of great importance for the considered application.
Components of moments acting by the gimbals axes can be defined in the following way [16] :
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The voltages created in the motor armature control windings are described by the following expressions [16, 17] :
where represents the time constant of the armature circuit; represents the coefficient of proportionality between the electromotive force and the angular rate of the motor; PWM represents the transfer constant of the linearized PWM;
PWM represent voltages at PWM input.
Control voltages at the output of the angular rate gyro sensors can be described in the following way [12, 15] :
where represents the time constant of the rate gyro; represents the damping coefficient; represents the gain of the rate gyro.
In order to describe kinematics of the stabilization system of the researched kind it is necessary to take into consideration the reference frames describing a position of the stabilized platform in the inertial space.
The position of the body-axes reference frame of the platform in the inertial space relative to the initial reference frame is defined by means of the sequence of rotations on angles , , as it is shown in Figure 1 .
The appropriate matrices of the direction cosines are represented in the form
Based on relationships (6) the matrices of direction cosines between the axes , and the axes , will look like = cos cos + sin sin sin −cos sin + sin sin cos sin cos cos sin cos cos − sin − sin cos + cos sin sin sin sin + cos sin sin cos cos , = cos cos + sin sin sin cos sin − sin cos + cos sin sin − cos sin + sin sin cos cos cos sin sin + cos sin sin sin cos − sin cos cos .
Determination of the stabilization angular rates can be implemented in the following way. If represents an angular rate of a platform, on which observation equipment and instruments for measurement of the platform angular rate in the inertial space are mounted, and Ω represents the platform angular rate conditioned by control moments, the condition of the precision stabilization becomes [18] Ω + = 0.
If transition to a new position of the platform in the inertial space is implemented by means of rotations on angles , , in accordance with Figure 1 , angular rates of the gimbals axes, taking into consideration matrices of the directional cosines (6), will be determined by the relationships [12] [ [ [
Figure 1: Sequence of rotations determining the platform position.
[
The first components of the obtained formula (11) are the projections of UAV angular rate onto the platform axes. In other words, these constituents represent projections of the rate of translation. The second constituents define appropriate projections of the platform relative angular rate.
While creating the mathematical model of the stabilization system it is necessary to take into account that the control moments are formed relatively to the gimbals of the yaw, pitch, and roll , , and the constituents of relationships (1) are projections onto the proper axes of the platform. Therefore the expressions for the control moments determination must be based on the following transformations:
igure 2: Sequence of rotations of the gimbals axes during platform stabilization.
Based on expressions (12) 
It should be noticed that angular rates of the platform are defined by expressions (9)-(11) if the gimbals axes coincide with the UAV axes at the initial instant of time. Taking into consideration this supposition, the sequence of rotations of the platform with the installed equipment and measuring instruments during stabilization will correspond to the sequence of rotations shown in Figure 2 .
In accordance with Figure 2 the vector of the stabilization rate can be determined by the expression
where,,̇are angular rates of the rotations of the external and internal gimbals. 
After some transformations, using expressions (17), it is possible to obtain the differential equations for determination of the angular rates of the gimbals stabilizatioṅ
Relationships (1)- (5), (7), and (13) and (18) represent the mathematical model of the system for stabilization of the observation equipment operated on UAV.
In accordance with concepts of the modern control theory, design of robust systems is implemented in two stages. At the first stage the robust synthesis on the basis of the use of the linearized model in the state space is determined. At the second stage the check of the synthesized system by means of simulation is carried out. Depending on the obtained results the first stage may be implemented repeatedly after the change of the initial conditions and weighting transfer functions of the optimization criterion.
The robust optimization requires an application of the linearized model in the state space. Linearization of the derived model can be carried out using the following steps:
(1) neglecting the centrifugal moments and differences of axial moments of the platform that allows simplifying expressions (1), (2) taking into consideration only small angles of the platform rotations which allows simplifying expressions (7), (13), and (18) Using expressions (1)- (6), (7), and (13) and (18) and the above listed steps the linear model of the stabilization plant for the vector of states can be described by the quadruple of the matrices , , , in the state space 
Elements , , of the matrix represent derivatives of the voltages , , ; , , represent coefficients of linearized moments of the dry friction [17] .
The mathematical models (19) can be used in the procedure of the robust structural optimization.
Algorithm of Structural Synthesis of Robust Stabilization System
One of the modern approaches to the structural synthesis of the robust stabilization systems is ∞ -synthesis. Its basic principles are represented in many papers and textbooks, for example, [7, 8] . The standard configuration of the system designed by means of the ∞ -synthesis is shown in Figure 3 . The system consists of the plant and the controller and is characterized with the vectors of output parameters to be optimized, external input signals , control signals , and measured signals entering the input of the controller [7, 8] .
The researched system can be described by the scheme represented in Figure 4 [8] .
Interconnection between signals of such system can be described by the following expressions [8] 
where represents the transfer function of the interconnected system.
The transfer function from the input to the output becomes
The principle of the guaranteed result may be applied to robust systems. In accordance with this principle [7] 
where is a small value; ( ) is representation of the external input signals including disturbances. Optimization problem of the robust structural synthesis can be represented in the following form [7, 8] :
where
The optimization problem (23) may be solved by means of the method of the mixed sensitivity [7, 8] . The modern approach to solving the problem of the robust structural optimization is based on forming the desired amplitudefrequency characteristics of the system (loop-shaping) by means of the plant augmentation due to introducing the weighting transfer functions as it is shown in Figure 5 [7] .
Optimization criterion of the method of the mixed sensitivity can be represented based on formula (24) in the form of the expression representing the ∞ -norm of the function of the mixed sensitivity of the augmented system [7, 8] , , are functions of sensitivity with respect to the reference and control signals and complementary sensitivity function. Implementation of the ∞ -synthesis by the method of the mixed sensitivity is based on solutions of two Riccati equations, checking some conditions and minimization of the ∞ -norm of the function of the mixed sensitivity (25) [7, 8] . It should be noticed that there are automated means of this problem solution based on MatLab software. The appropriate optimization procedure requires using the mathematical model of the interconnected system (20).
The procedure of the ∞ -synthesis includes such stages as (1) creation of the mathematical models including the linear model and the model which takes into consideration the nonlinearities inherent to real systems, (2) choice of the weighting transfer functions, (3) augmentation of the plant, (4) structural robust synthesis.
These stages can be implemented by means of Robust Control Toolbox of MatLab software.
One of the most important stages of the robust structural synthesis is a choice of the weighting transfer functions, which provide forming of the augmented plant and loopshaping approach. There are the following general recommendations for determination of weighting transfer functions for augmented plant forming [7] : where is the desired stable error in the steady mode; 0 is the desired bandwidth; is sensitivity peak.
An experience of the rate drives design showed the necessity of using integrator in the expression of the weighting transfer function 1 . But in real applications it is necessary to specify weighting transfer functions by methods of trials and errors.
In accordance with Figure 5 the weighting transfer functions impose a penalty on the error, control and output signals. Changing parameters of the weighting transfer functions , 0 , it is possible to achieve the desired frequency characteristics of the system [7] .
Usage of the weighting transfer functions provides loopshaping of the designed system. Such approach allows forming the designed system with the desired frequency characteristics.
During synthesis of the researched system the following expressions for the weighting transfer functions determination were obtained: the difference equations are realized by means of C-language assigned for microcontrollers. 
The Simulink-model for system simulation is represented in Figure 6 . Results of the synthesized system simulation are represented in Figures 7 and 8 .
The angular rates of UAV, taking into consideration influence of the wind, were considered as disturbances during simulation. Forming the wind influence was carried out by means of the Dryden filter. Represented results prove the possibility of achieving the acceptable quality of the stabilization accuracy and speed of operation in conditions of influence of the external disturbances.
Advantages in comparison with other controllers may be described in the following way. Such systems keep required performances in conditions of changed parameters and external disturbances. Controllers of other types do not guarantee even stability of the system in such conditions. This can lead to inability to perform functions of the system not to mention providing of its high characteristics.
Adaptive systems take into consideration changes of plant characteristics during operation but they are too expensive in comparison with the robust systems.
Conclusions
(a) The kinematics expressions for three gimbal configurations were derived.
(b) The mathematical model of the stabilization plant of the considered system was obtained.
(c) The weighting transfer functions, which provide loop-shaping of the designed system, were determined.
(d) The robust controller was synthesized. Representation in the form of the quadruple of the state space matrices is convenient for digital controller programming.
(e) In order to provide the high accuracy of observation processes it is necessary to use the three-axial stabilization systems.
International Journal of Aerospace Engineering (f) Creation of the mathematical model of the three-axial stabilization system requires using the coordinate transformations. (g) Efficiency of the suggested approaches is proved by the results of simulation of the synthesized system, while simulation influence of the wind was taken into consideration. (h) The obtained results will be useful perspective for stabilization of the observation equipment operated on the vehicles of the wide class.
